Aims. We publish 16 Doppler imaging temperature maps for the years 1994-2002 of the active RS CVn star II Peg. The six maps from 1999-2002 are based on previously unpublished observations. Through Doppler imaging we want to study the spot evolution of the star and in particular compare this with previous results showing a cyclic spot behaviour and persistent active longitudes. Methods. The observations were collected with the SOFIN spectrograph at the Nordic Optical Telescope. The temperature maps were calculated using a Doppler imaging code based on Tikhonov regularization. Results. During 1994-2001, our results show a consistent trend in the derived longitudes of the principal and secondary temperature minima over time such that the magnetic structure appears to rotate somewhat more rapidly than the orbital period of this close binary. A sudden phase jump of the active region occured between the observing seasons of 2001 and 2002. No clear trend over time is detected in the derived latitudes of the spots, indicating that the systematic motion could be related to the drift of the spot generating mechanism rather than to differential rotation. The derived temperature maps are quite similar to the ones obtained earlier with a different methods, the main differences occurring in the spot latitudes and relative strength of the spot structures. Conclusions. We observe both longitude and latitude shifts in the spot activity of II Peg. However, our results are not consistent with the periodic behaviour presented in previous studies.
Introduction
Studying starspots helps us to better understand the magnetic activity and related phenomena both in the Sun and magnetically more active stars. The two most common methods to study starspots are Doppler imaging and time series analysis of photometry. With the Doppler imaging method we can calculate surface temperature maps of the star. The method is based on the fact that starspots on the surface cause changes in photospheric absorption lines (Vogt & Penrod 1983; Piskunov 2008) .
Suitable absorption lines for Doppler imaging of latetype stars are neutral metal lines (e.g. Fe I, Ni I, Ca I) in the wavelength range 6000Å-7500Å. Important input parameters for Doppler imaging are the projected rotational velocity, surface gravity, inclination, microturbulence and orbital parameters.
II Pegasi (HD 224085) is one of the very active RS CVn stars. RS CVn stars are closely detached binaries where the more massive component is a G-K giant or subgiant and the secondary usually a subgiant or dwarf of spectral class G to M (Huenemoerder et al. 2001) . Because of the low luminosity of the secondary, many RS CVn systems appear as single-line binaries making their spectral analysis easier. In close binaries the rapid rotation is maintained by tidal forces due to the close companion. Large amplitude brightness variation of RS CVn stars imply the presence of enormous starspots on their surfaces covering up to 50% of the visible disk. Dynamos of active stars appear to produce more high-latitude spots and larger spots than inactive stars (Saar & Baliunas 1992) . Also coronal X-ray and microwave emissions, strong flares in the optical, UV, radio and X-ray are observed.
Cool spots on the stellar surface will locally alter the photospheric absorption lines and continuum intensities. Through Doppler imaging these rotationally modulated distortions can be inverted into temperature maps (Vogt et al., 1987) . Even though Doppler imaging is a powerful method to study stellar surfaces in detail, the results should always be interpreted critically. The method sufferes from difficulties in modelling spectral lines in late-type stars. Any errors in e.g. the stellar and spectral parameters will result in systematic errrors in the results (Hackman et al. 2001) .
II Pegasi has been spectroscopically monitored for almost 19 years with the SOFIN spectrograph at NOT, La Palma, Spain. Previous studies of the surface temperature distribution of II Peg include the papers of Berdyugina et al. (1998a) , who presented surface temperature maps for 1992 -1996 , and Bergyugina et al. (1999b with surface maps for 1996-1999. Both studies were based on observations with the SOFIN spectrograph at NOT. Gu et al. (2003) presented surface images of II Peg for 1999-2001 based on observations with the Coudeéchelle spectrograph at the Xinglong station of the National Astronomical Observatories, China, but the spectral lines used for inversions were different from those of the SOFIN observations. Photometric light curve variations of the star were analysed by Berdyugina & Tuominen (1998) , and by Rodonò et al. (2000) . Berdyugina et al. (1998a Berdyugina et al. ( ,b, 1999a and Berdyugina & Tuominen (1998) present results that there  were two active longitudes separated approximately by  180 • , migrating in the orbital reference frame, and that a switch of activity level occurs periodically with a period of about 4.65 years. In the surface images of Gu et al. (2003) the general spot pattern was quite similar, but the drift with respect of the orbital frame was less obvious, and the switch of the activity level appeared to occur earlier than predicted by Berdyugina et al. Rodonò et al. (2000) found a much more complicated spot pattern from their analysis of photometry: they report the existence of a longitudinally uniformly distributed component together with three active longitudes, with complicated cyclic behavior.
Spectropolarimetric observations in four Stokes parameters provide a new basis for Doppler imaging techniques (cf. Semel 1989 and Piskunov 2008) . Time series of high resolution spectropolarimetric observations have succesfully been used for retrieving maps of the surface magnetic field for both late type stars, with temperature spots (Piskunov, 2008; Carroll et al. 2009 ) and Ap stars with chemical abundance spots (Kochukhov et al. 2006) . Carroll et al. (2009) applied a Zeeman-Doppler imaging technique to derive the magnetic field configuration on the surface of II Peg during 2007 using spectropolarimetric (Stokes I and V) observations with SOFIN. Their maps show a very similar spot pattern as the one found by Berdyugina et al. (1998b Berdyugina et al. ( , 1999b ; moreover, the radial field direction was opposite on different active longitudes.
Spectroscopic observations with SOFIN
II Peg is part of our long-term observational projects. The time series of almost 19 years of observations of II Peg is unique. For this study we used high resolution spectra of II Peg measured in August 1994 , July 1995 , July 1996 , October 1996 , June 1997 , August 1997 , December 1997 , July 1998 , October 1998 , November 1998 , July-August 1999 , September 1999 , October 1999 , August 2001 , August 2002 and November 2002 . All the observations were made using the SOFIN high resolutionéchelle spectrograph at the 2.6 m Nordic Optical Telescope (NOT), La Palma, Spain. The data were acquired with the 2nd camera equipped with a EEV CCD detector of 1152×770 pixels, and fron January 2002 a new Loral one with 2048x2048 and the higher quantum efficiensy. The spectral region 6160-6210Å was chosen for Doppler imaging. The observations are summarized in Table 1 -3.
The spectral observations were reduced with the 4A software system (Ilyin 2000) . Bias, cosmic ray, flat field and scattered light corrections, wavelength calibration and normalization and corrections for the motion of the Earth were included in the reduction process.
The Doppler imaging technique
Doppler imaging utilizes the fact that under rapid rotation surface spots will induce bumps in the rotationally broadened absorption line profiles. As the star rotates, these bumps will move across the line profiles. Using a set of observations distributed over the rotational phases we can solve the inverse problem and search for such a temperature distribution that reproduces the observations (Vogt et al. 1987) .
We use the Doppler imaging technique developed by Piskunov (the code INVERS7, Piskunov et al. 1990; Piskunov 1991) . In this method the otherwise ill-posed inversion problem is solved by Tikhonov regularization. In practice this means introducing an additional structure constraint minimizing the surface gradient of the solution. The Doppler imaging solution is retrieved using a table of calculated local line profiles for different surface positions (limb angles) and different effective temperatures. The local line profiles are calculated using numerical models of stellar atmospheres. In the analysis presented here, we used the stellar model atmospheres of Kurucz (1993) with temperatures 3000 -6000 K and gravity log g = 4.0.
The stellar parameters used in the inversions were chosen mostly according to Berdyugina et al. (1998b) , and read ξ t = 2.2 kms −1 , ζ t =3.5 kms The following spectral lines were used in the surface temperature inversions: Fe I 6173.0050Å, Ni I 6175.3600 A, Ni I 6176.8070Å, Ni I 6177.2560Å, and Fe I 6180.2030 A. All these lines are actually blends of lines. All in all we included 30 lines within the wavelength range 6172-6182 A in the analysis. Spectral line parameters were obtained from the Vienna Atomic Line Database (Kupka et al. 1999) . Solar element abundance values and standard spectral parameters were used as a starting point. A preliminary analysis showed, that in particular the Ni abundance had to be adjusted from the solar value of −5.79 to −5.50. The log(gf ) values of two included Ni I lines were modified from the standard values of −0.53 to −0.540 (Ni I 6175.360Å) and −0.390 (Ni I 6176.807Å) as the standard values were found to produce a wrong balance between these lines. (Fig. 1) an extended spot structure is visible, located at mid-latitudes. The primary minimum of the temperature occurs nearly at phase 0.06, and a secondary minimum roughly at the phase 0.77. Our map is in reasonable agreement with the one of Berdyugina et al. (1998a) from the same observations. Roughly 11 months later (July 1995, Fig. 2 ), the extended structure is still visible, although located at somewhat higher latitudes and apparently shifted by ∼ 0.2 in phase. The temperature minima are not so pronounced as in 1994, and the deeper minimum is now located roughly at 0.22, and the secondary one roughly at the position of the former primary minimum at 0.025. Again, the main features are similar to the maps derived by Berdyugina et al. (1998a) ; this is to be expected, as identical observations have been used.
Results
During the observing run of July 1996 (Fig. 3) , the phase coverage is rather poor. The extended structure that persisted during the 1994 and 1995 observations is no longer visible; the cool regions are now seen in the form of smaller spots at relatively low latitudes. The primary minimum of temperature occurs approximately at the phase 0.97 and latitude 35 degrees. The other two spots located at phases 0.78 and 0.5 are less significant, and therefore we leave Fig. 4) , cool regions can be seen at approximately same locations. Their relative strength, however, has dramatically changed: the former deepest minimum now appears as almost insignificant, while the formerly weakest structure at 0.5 is now clearly the strongest and largest one at 0.51. The strongest minimum appears at somewhat higher latitude than in July; the time between the observing runs is short, due to which the difference in the principal temperature minimum longitude cannot be explained by differential rotation due to changing latitude. A more likely explanation is related to short time-scale changes of the activity level of the spots.
Our maps for July and October 1996 are not in a very good agreement with the ones obtained by Berdyugina et al. (1998a) : their maps showed two spots, the principal one being located within phases 0.8-1.0 for both July and October 1996. Concerning the maps of July 1996, Berdyugina et al. had additional data from the Crimean Coudé spectrograph, so their phase coverage was better. For October 1996, the data sets were, however, identical, except one observation with very poor signal to noise ratio included in our inversion but excluded in theirs. During the observing seasons of 1997 (June, Fig. 5 ; August, Fig. 6 ; December, Fig. 7) , the activity is concentrated around the phase 0.75 in all the three maps. During June 1997, the spot structure is more elongated towards lower phases, the principal minimum being at a fairly low latitude of 21 degrees. In August 1997 the structure is still similarly elongated, but a general trend is that the whole structure is located somewhat higher in latitude (39 degrees). In December 1997, the lowest temperature is still around the same phase, but it has moved towards higher latitudes (44 degrees). The principal temperature minimum we have recovered matches well the one obtained by Berdyugina et al. (1999b) from identical observations (except for the phase 0.92 missing from our analysis during June 1997). In their maps, however, a clear secondary minimum can be observed around the phase 0.25, almost entirely absent in our maps. The spots are also consistently at higher latitudes in Berdyugina et al. maps than in ours.
In July 1998 (Fig. 8 ) the primary spot structure, half a year earlier located at phase 0.75, has clearly decreased in magnitude, while the weaker structure, now at phase 0.38, has grown stronger, the structures being nearly of the same strength in July 1998. The principal minimum has rather a low latitude of 21 degrees, while the secondary minimum occurs higher, at the latitude 48. A similar configuration is seen in the map for October 1998 (Fig. 9) , although the structures have moved closer to each other in longitude (phases 0.38 and 0.62), and swapped their strength relative to each other. In November 1998 (Fig. 10) , however, the spot structure at the phase 0.62 is again stronger -in our maps, the relative strength of the spot structures is much more variable than in the maps of Berdyugina et al. (1999b) , who report only one change of the relative strengths having occurred between the observing seasons of Dec 1997 and Jul 1998, (flip-flop phenomenon). We also note that the phase coverage for the observing seasons is poor for October and November 1998.
Signs of peculiar apparently bright features, possibly related to outbursts such as stellar flares, can be seen as "absorption dips" in the spectra at phase 0.78 in October (label 6 in Fig. 9 ) and phase 0.55 in November 1998 (label 4 in Fig. 10 . Therefore, these maps may be regarded as less reliable than for July 1998. Flares on II Peg in the optical spectral lines have been reported several times (Berdyugina et al., 1999a) and the surface patterns might change, in- During the year 1999 (July-August 1999 Fig. 11 , September 1999 Fig. 12 and October Fig. 13 ) an extended spot structure is seen in all maps, roughly in between the phases 0.2 and 0.6. The minimum temperature occurs around the phase 0.55 in all three maps, and its latitude is relatively low. A secondary wing-like structure is also visible, located at higher latitudes (72 degrees) and at the phase 0.24 during July 1999. In September, this structure has moved towards lower latitudes (53 degrees) and higher phase (0.27), and in October, even further in the same directions (latitude of 43 degrees and phase 0.39). We note that the phase coverage of the September and October observing runs is quite poor, so these maps are not as reliable as the July-August 1999 map.
According to the flip-flop phenomenon presented in Berdyugina et al. (1999b) , the highest activity should have occured near the phase zero during the year 1999 (see the dashed line approximating the path of the stronger active longitude in their Fig. 6 ). We find no spots near that phase. Moreover, the deepest temperature minimum occurs near the secondary minimum branch of Berdyugina et al. (1999b) . Therefore, no clear support for the flip-flop phenomenon with the spot cycle proposed by Berdyugina et al. (1999b) can be found from our maps. Gu et al. (2003) have also published temperature maps for the same epoch, from a different observational facility and Doppler imaging method. During July and August 1999, they found an extended high-latitude structure between the phases (0.35 and 0.75), the primary minimum being located near the phase 0.4, the secondary one at roughly the phase 0.75. The location of the primary minimum matches well the one derived from our maps; the position of the secondary one, however, is different by 180 degrees.
Roughly 22 months later, in August 2001, (Fig. 14) the primary spot is still quite close to the phase which it had during the 1999 observing seasons (moved from the phase of 0.55 to 0.42). The latitude of the primary spot is somewhat higher in 2001, namely 53 degrees. One year later, in August 2002, the deepest temperature minimum has moved to the phase 0.75, where it seems to persist also in the map from the November 2002 observations. This appears as a sudden jump in the left panel of Fig. 17 in an otherwise continuous trend in the spot locations more or less consistent with a stable spot structure moving in the orbital frame with a slightly shorter period (more rapidly).
In the right panel of Fig. 17 we plot the latitudes of the spot structures as a function of time. No systematic trends are visible in this plot, indicating that the systematic change of the spot positions during 1994-2001 cannot be attributed to differential rotation of spots at different latitudes. The spots seen in the maps of 2002, however, show clearly lower latitudes than during 2001. For a solar-type differential rotation pattern (equator rotates more rapidly than the pole), such a change in latitude would result in a speed up in the rotation of the spot structure; now the spot structure seems to be slowing down with respect to the systematic trend. Therefore, at least for solar-type differential rotation laws, the change in latitude is not a very likely cause of the sudden change in the longitudinal position.
The maps of Gu et al. (2003) for February 2000 and November 2001 reveal a systematic drift of the primary spot location towards higher phases. Although the maps are not exactly of the same time epochs, their trend seems to be consistent with the one we see.
Conclusions
In the present paper we give 16 surface images of II Pegasi for the years 1994-2002, the 6 latest ones being based on yet unpublished SOFIN@NOT observations. The earlier observations, analysed with a different Doppler imaging method, have already been published by Berdyugina et al. (1998a Berdyugina et al. ( , 1999b .
All in all our maps show quite good resemblance to the ones obtained by Berdyugina et al. (1998a) and (1999b) with a different method. The main differences between our results to the ones of Berdyugina et al. are the consistently lower spot latitudes in our results. Some differences are also seen in the relative strength of the spot structures, even during epochs when almost identical observational data was used. Partly due to this, no definite signs of a flip-flop event in between December 1997 and July 1998 can be seen.
In contrast, the derived spot positions from our maps are consistent with a systematic drift of the spot structures in the orbital frame during (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) . The spot generating structure seems to be rotating somewhat more rapidly than the binary system. Between the observing seasons of 2001 and 2002, a sudden jump of spot locations towards larger phases has occured. This is more consistent with the trend seen by Gu et al. (2003) from a different set of observations for 1999-2001. As no systematic change in the spot latitudes over time can be seen, we cannot attribute this jump being related to differential rotation. Some fast changes might be a consequence of a sudden outburst like a flare. 
